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Abstract 
The composition and abundance of phytoplankton in Suruga Bay, Japan, were investigated to evaluate the photosynthetic production 
structure and population dynamics from surface to oligotrophic layers seasonally for a four-year period. High-performance liquid 
chromatography analyses separated more than 80 peaks of pigments, and about 50 pigment species were identified. The main 
chlorophylls (Chls) and carotenoids were mostly found up to 100 m deep, while small amounts of a limited number of species of 
pigments such as Chl a, Chl c2, and fucoxanthin, which are markers of diatoms, were also detected even in the oligotrophic region, in 
addition to degradation products of Chl a, such as pheophorbide a and pheophytin a.  
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1. Introduction 
Phytoplanktons are the main primary producers in the ocean and therefore are key factors determining the biological 
production of the ocean. The population dynamics of phytoplanktons are controlled by nutrient availability and grazing. 
Nutrient availability largely determines the growth and senescence of phytoplanktons. Alternatively, the phytoplankton 
community contributes by exporting nutrients including its growth, while grazing by zooplanktons can reduce the 
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phytoplankton biomass. Heterotrophs also stimulate algae production by nutrient regeneration1. Measurements of 
environmental photosynthetic pigments can provide information concerning factors controlling algal populations. 
The chemotaxonomic assessment of phytoplankton populations present in natural waters requires good biochemical 
markers and efficient analytical tools. The analysis of photosynthetic pigments by high-performance liquid chromatography 
(HPLC) fulfils the above requirements because it allows the separation and quantification of taxon-specific chlorophylls 
(Chls) and carotenoids, some of which are present in seawater samples in trace amounts2. Photosynthetic phytoplankton 
pigments in natural samples appear as very complex mixtures. The technique of HPLC is, however, ideal for resolving 
information about a phytoplankton community. In fact, study of phytoplankton dynamics in the ocean by HPLC had been 
implemented in many seas. Information regarding algal pigments and phytoplankton composition including abundance by 
size fractionation are being accumulated in various sea areas. Accordingly, understanding of the characteristics of individual 
phytoplankton species has been advanced.  
Suruga Bay, Japan, shows geographically characteristic features. It is a typical coast that receives the influence of the Japan 
Current in the upper layer. In addition, it has a deep-sea area that is about 1 500 m to 2 500 m deep. Among the 
phytoplanktons in Suruga Bay, Shimada et al.3 reported that prokaryotic green alga, Prochlorococcus, was abundantly present 
and investigated its vertical distribution and seasonal changes using flow cytometry. However, no information is available 
about other phytoplankton dynamics and characteristics in Suruga Bay.   
In the present study, the photosynthetic production structure and seasonal and vertical changes of phytoplanktons in Suruga 
Bay were investigated by pigment analysis using HPLC with a photodiode array detector. Temporal and regional changes in 
the pigment composition in the Suruga Bay of Japan are discussed in relation to distribution of algal species. The water 
structure and nutrient distribution in Suruga Bay from April 2000 to July 2002 has been reported by one of author, especially 
for the offshore water that comprises a large part of Suruga Bay4. 
2. Materials and methods 
2.1. Sampling of seawater 
Seawater samples were taken from a fixed station (S-2) located at a central position (34°51’N; 138°38’E) within Suruga 
Bay and from 7 to 15 different depths from the eutrophic to oligotrophic zones on the surface to about 1 500 m (Fig. 1).  
Seawater samples were collected using 10-L Nyskin water samplers attached to a conductivity temperature depth profiler 
multicasserole sampling apparatus on the deck of the Suruga Maru. This sampling was performed every season from April 
2000 to November 2004. Sampling depths are described in the Figure legend, if necessary. For HPLC analyses, seawater (1 L 
to 5 L) was filtered through a Whatman GF/F filter (Maidstone, Kent, UK)5. To fractionate by size, seawater from the surface 
to 100 m deep was filtered through a 2.0-μm Nucleopore (Whatman) filter for micro-nanoplankton (> 2.0 Pm fraction), and 
subsequently the resulting filtrate was filtered through a 0.2-μm Nucleopore filter to obtain the 0.2 Pm to 2.0 Pm fraction of 
picoplanktons. These filters were either extracted immediately or they were stored at -30 °C until used. 
2.2. Standard pigments 
Chl a, pheophorbide a, α-carotene, and β-carotene were purchased from Wako (Osaka, Japan). Chl c2, Chl c3, divinyl 
(DV) Chl a, alloxanthin, diadinoxanthin, fucoxanthin, 19’-butanoyloxyfucoxanthin, 19’-hexanoyloxyfucoxanthin, lutein, 
peridinin, prasinoxanthin, violaxanthin, and zeaxanthin were obtained from DHI Water and Environment (Copenhagen, 
Denmark). Chls a and b were extracted from spinach (Spinacia oleracea) leaves and purified by sugar-column 
chromatography according to the method of Perkins and Roberts6 described by Shioi7. Pheophytins a and b were prepared by 
acid treatment of the respective Chls as described previously7,8. Chl d was isolated and identified from thalli of red algae, 
Carpopeltis crispate, collected from Itoh City, Shizuoka or cells from Akaryochloris marinus9. 
Fig. 1. A location of Suruga Bay, Japan. 
Seawater samples were taken from 
station 2 (34˚51’N; 138˚38’E) located at 
a central position within the Bay. The 
depth of this station is about 1 500 m. 
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2.3. Extraction of pigments from phytoplankton samples 
The extraction method was basically the same reported by Zapata et al.2. Filters from field samples were cut into small 
pieces with 2 mL of cold 95% (v/v) methanol using a stick with a round tip for filter grinding.  After completely extracting the 
pigments by sonic treatment for 5 min, extracts were then filtered through a syringe filter (0.2 μm, Millex-LG, Millipore, 
Bedford, MA, USA) to remove cell and filter debris. To avoid the shape distortion of earlier eluting peaks, methanol extract 
(1.0 mL) was mixed with 0.2 mL of distilled water just prior to injection according to protocol.  These extracted samples (200 
μL) were immediately injected into the HPLC. All samples were prepared under subdued light and subjected to HPLC 
analysis within 5 min after extraction to avoid pigment destruction. 
2.4. HPLC analysis 
HPLC analysis was performed according to the method reported by Zapata et al.2. The HPLC system employed was a 
model LC-10A equipped with a degasser and column oven, and using a Waters Symmetry C8 column (4.6 mm × 150 mm). 
All apparatus were from Shimadzu (Kyoto, Japan). Pigments were eluted at a flow rate of 1.0 mL per min at 25 °C with a 
programmed binary gradient elution system. Solvents used were, A: methanol : acetonitrile : 0.25 M aqueous pyridine 
solution (50 : 25 : 25, by volume), and B: methanol : acetonitrile : acetone (20 : 60 : 20, by volume). 
2.5. Pigment identification and quantification 
Separated pigments were detected spectrophotometrically with a Shimadzu SPD-M10A photodiode array detector with an 
optical resolution of 1.2 nm, measuring from 320 nm to 700 nm and monitoring four channels at representative wavelengths 
of 410 nm, 430 nm, 440 nm, and 450 nm18. The wavelengths used to indicate pigments were 410 nm for 
pheophorbide/pheophytin a derivatives; 430 nm for Chl a species; 440 nm for neoxanthin and violaxanthin and 450 nm for 
Chl b, and Chl c species and other carotenoids. Each peak was identified by comparison with HPLC retention times and 
absorption spectra of the standards and the data from photodiode array detection. The pigment standards were coeluted with 
samples to determine them more precisely, if necessary. Concentrations of each pigment were calculated from the standard 
curves, which were created for those 20 pigments from the relationships of concentrations and peak areas of HPLC using 
appropriate wavelengths described above. Chromatogram peaks were quantified by an LC workstation, Class-LC10/M10A 
(Shimadzu). 
2.6. Culture of phytoplankton 
Samples for culture experiments were collected from the same station (S-2) in May, September, and October 2003, and 
May and November 2004. Deep seawater from 1000 m and 1500 m was filtered through a 0.2-μm Nucleopore filter to collect 
two sizes class phytoplanktons simultaneously. These phytoplankton samples (filters) were immediately transferred to 50 mL 
‘K’ culture medium in conical flasks and cultured with shaking10. Cells were grown in a growth chamber (model MLR 350H, 
Sanyo) at 23 °C and light intensity at 60 PE m-2·s-1 on a 14-h light and 10-h dark cycle. Culture samples were shaken at 155 
rpm with a shaker (model SHK-U3, Iwaki, Japan). To obtain bacteria-free cultures, antibiotics, penicillin and streptomycin 
sulfate, were added to cultured phytoplankton at a final concentration of 10 mg per liter of medium of each. This procedure 
was repeated three times to obtain a pure culture. The extracted pigments were analyzed either by spectrophotometer (model 
UV-2450, Shimadzu) or by HPLC as described.  
2.7. Microscopic observations 
Phytoplankton species were identified by light microscopy (model CHT, Olympus, Tokyo, Japan), and in some cases, 
scanning electron microscopy (JSM6300, JEOL, Tokyo, Japan). 
3. Results 
3.1. Pigment identification and signature 
Methanol extracts from phytoplanktons collected from seawater in Suruga Bay were analyzed by HPLC supplied with a 
photodiode array detector. Fig. 2 shows chromatograms of planktons of seawater samples obtained at 20 m deep, which 
present a wide variety of Chls and carotenoids after fractionation by cell size for micro-nanoplanktons (> 2.0 μm). Although 
the most abundant pigment composition was found at a depth of 40 m, a total of 67 peaks were separated from the elution 
profiles of four-channel absorption chromatograms. Among those, 23 Chl pigments and 24 carotenoids were identified by 
comparison with authentic samples such as peak spectral data and retention times of HPLC, and also according to previous 
data [2 and references cited therein] (Table 1).  
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The results of pigment analyses showed that Chl a and fucoxanthin were the most abundant pigments of Chls and 
carotenoids, respectively. As one of the taxonomically characteristic pigments in different algal classes, most Chl c species 
were found in this Bay. Interestingly, Chl c species emerged at two different retention times, more polar Chl c species (c1, c2, 
and c3), and non-polar groups at retention times around 35.8 min and 37.4 min, respectively. The latter pigments are not due 
to degradation products but are different ester forms11. 
In general, several Chl degradation compounds always appeared in the seawater samples. They are mainly demetalated 
derivatives of Chl a, such as pheophorbide a, and pheophytin a, but pyropheophytin a and pyropheophorbide a were not 
detected. Besides these, small concentrations of allomer and epimer species of Chl a were found. They are probably Chl a 
with a hydroxy, methoxy, or methoxylactone group that have similar characteristics to the native pigments, e.g., similar 
retention times in HPLC elution and similar absorption spectra. In this study, however, we did not rigorously attempt to 
characterize them. In addition, breakdown products of Chl b species were not detected, consistent with its conversion to Chl a 
prior to degradation12.   
Of the prokaryotic phytoplankton pigments, two Chls, DV Chl a and Chl d, were present and clearly separated. A 
significant amount of DV Chl a was found from the  surface of 100 m deep from summer to autumn, indicating the presence 
of Prochlorophytes, as previously reported3. A typical Chl d 9, which has a retention time of 34.00 min with a red absorption 
peak at 691 nm on HPLC, was detected mainly at 40 m deep, in addition to a low concentration of Chl d-like pigments, which 
was detected from surface to 300 m deep (see peak 53 in Table 1). The pigments appear to be derived from a free-living Chl 
d-producing cyanobacteria, as recently reported [13 and references cited therein].  
Station 2 revealed a high pigment diversity with the presence of all of biomarker pigments including Chl d, which is 
proposed to be cyanobacteria containing Chl d. The biomarkers detected from the samples 20 m deep were Chls a, b, and c2, 
DV Chl a, Chl d-like, alloxanthin, fucoxanthin, 19’-butanoyloxifucoxanthin, 19’-hexanoylfucoxanthin, peridinin, 
prasinoxanthin, and zeaxanthin. These findings indicate the presence of at least nine taxa including Haptophytes, 
Cyanophytes, Cryptophytes, Prochlorophytes, Prasinophytes, Diatoms, Dinoflagellates, Prymnesiophytes, and Chlorophytes. 
These results were partly confirmed by microscopic observations (data not shown). 
3.2. Annual changes of total phytoplanktons 
Chl a is a major pigment that is present in all phytoplanktons. Thus, Chl a can be used as a marker pigment of 
total phytoplanktons. Annual changes in the Chl a concentrations extracted from eutrophic zone, surface and 50 m 
deep in Suruga Bay were investigated in 2000 to 2003 (Fig. 3). Throughout the season, Chl a concentrations at the 
surface were higher than those at 50 m deep. Generally, high concentrations of Chl a were detected in spring and 
autumn, corresponding to phytoplankton blooms that occur in spring and autumn, while the concentration was low 
in summer. Unusually, the phytoplankton population in 2003 was relatively smaller compared to the previous years 
and was larger in summer than in the blooms of spring and autumn. This is probably due to climate change in this 
year as discussed below (see Discussion). 
3.3. Seasonal and vertical changes of total phytoplanktons 
Seasonal and vertical changes of Chl a concentrations were measured after fractionation by cell size for micro-
nanoplanktons (Fig. 4a) and picoplanktons (Fig. 4b). Chl a concentrations corresponding to total phytoplanktons 
were comparable in micro-nano- and picoplanktons, except for February, when the concentration of picoplanktons 
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㽢
Retention time (min)
㽢
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was extremely high at 60 m deep. Chl a concentrations of both micro-nanoplanktons and picoplanktons were higher 
in February and November due to spring and autumn blooms.  In addition to these, vertical changes of Chl a in 
relation to total phytoplanktons are investigated up to 1500-m depth after filtration through a Whatman GF/F filter. 
As shown in Fig. 5, phytoplanktons existed mostly in the eutrophic zone of up to 100 m, as usual, but also existed in 
a deeper region of about 100-m to 300-m depth in the spring bloom.  This is in agreement that the fact that 
phytoplanktons can grow by photosynthesis in shallow sea areas with sufficient light, although some phytoplanktons 
are active even in this mesotrophic zone, whereas phytoplanktons in deep-sea areas cannot grow due to a shortage of 
light energy for photosynthesis. Small concentrations of degradation products of Chl a, pheophorbide a and 
pheophytin a, were detected highly in spring season in eutrophic and mesotrophic zones from the surface to 300 m 
(Fig. 6), in accordance with spring bloom. Interestingly, a small amount of these pigments were clearly present in 
the oligotrophic zone from 300 m to 1500 m. 
3.4. Seasonal changes of marker pigments and their ratios 
Marker pigments are convenient indicators to obtain information concerning the distribution of algal classes by a 
simple technique of pigment analysis. Seasonal changes in 10 species of marker pigment ratios of different algal 
sizes of micro-nano- and picoplanktons at 40 m deep are presented (Fig. 7). In micro-nanoplanktons, fucoxanthin 
was the most abundant pigment (41% to 68%) throughout all seasons (Fig. 7a), while it was 4% to 10% of 
picoplanktons (Fig. 7b). This indicates that in 10% of picoplanktons (Fig. 7b). This indicates that in Suruga Bay,  
 
Table 1. Identification of pigments 
Peak 
no. 
Retention 
time(min) 
Maxima in eluant (nm) Identification Peak no. 
Retention 
time (min) 
Maxima in eluant (nm) Identification 
1 2.03  㻌  㻌  㻌  㻌  36 29.57  427 453 481 Alloxanthin 
2 2.11  㻌  㻌  㻌  㻌  37 30.22  427 453 478 Diatoxanthin 
3 2.20  㻌  㻌  㻌  㻌  38 30.44  423 447 475 Monadoxanthin 
4 2.29  㻌  㻌  㻌  㻌  39 30.78  427 453 479 Zeaxanthin  
5 9.26  458 590 㻌  Chlorophyll c3 40 30.95  421 446 474 Lutein 
6 9.82  398 㻌  㻌  㻌  41 31.16  453 583 633 Chlorophyll c species 
7 12.10  430 㻌  663 Chlorophyllide a 42 31.28  405 428 454 Dihydrolutein 
8 13.06  439 㻌  631 Mg DVPa 43 31.62  438 611 670 㻌  
9 13.55  452 584 633 Chlorophyll c2 44 32.00  421 447 472 㻌  
10 14.17  447 579 635 Chlorophyll c1 45 32.10  424 443 470 㻌  
11 14.56  437 㻌  655 Chlorophyllide a species 46 32.35  423 446 473 㻌  
12 15.57  467 㻌  㻌  㻌  47 33.73  423 448 475 unknown carotenoide 
from Tetraselmis suecica 
13 15.79  442 㻌  㻌  㻌  48 34.16  443 㻌  656 㻌  
14 16.63  470 㻌  㻌  Peridinin 49 34.27  㻌  584 626 㻌  
15 18.40  413 㻌  663 Pheophorbide a species 50 34.43  423 449 475 Crocoxanthin 
16 18.71  㻌  㻌  㻌  Pheophorbide a species 51 34.84  449 473 㻌  㻌  
17 19.39  410 㻌  665 Pheophorbide a 52 35.02  462 599 647 Chlorohyll b 
18 20.01  451 475 㻌  Uriolid 53 35.06  454 504 693 Chlorophyll d like 
pigment 
19 21.00  447 469 㻌  19'-
Butanoyloxyfucoxanthin 
54 35.38  456 㻌  646 Chlorohyll b epimer 
20 21.45  434 545 698 Chlorophyll d species 55 35.62  429 618 663 Chlorophyll a species 
21 22.02  449 㻌  㻌  Fucoxanthin 56 35.86  454 584 630 Non-polar chlorophyll c 
from E.huxleyi 
22 22.46  411 567 665 㻌  57 36.05  419 616 659 Chlorophyll a species 
23 23.00  414 437 465 Neoxanthin 58 36.23  428 616 662 Chlorophyll a allomer 
24 23.44  452 473 㻌  㻌  59 36.44  439 619 663 DV chlorophyll ab 
25 23.94  455 㻌  㻌  Prasinoxanthin 60 36.76  430 618 662 Chlorophyll a 
26 24.45  407 428 452 Micromonol 61 37.17  427 㻌  633 Chlorophyll a epimer 
27 24.84  418 441 469 Violaxanthin 62 37.42  454 584 631 Ester from chlorophyll c 
28 25.25  446 469 㻌  19'-
Hexanoyloxyfucoxanthin 
63 38.06  420 443 470 γ-carotene 
29 25.78  412 439 458 㻌  64 39.01  406 504 665 Pheophytin a 
30 26.70  461 㻌  㻌  Micromonal 65 39.20  448 472 㻌  㻌  
31 27.57  421 447 475 Diadinoxanthin 66 39.70  421 447 473 α-carotene 
32 28.09  418 447 469 㻌  67 39.92  452 477 㻌  β-carotene 
33 28.46  441 470 㻌  Dinoxanthin       
34 28.79  426 448 474 Antheraxanthin       
35 29.07  426 446 467 㻌        
Blank: Not identified. 
aMg-3,8-divinyl-pheoporphyrin a5 monomethyl ester  
bDivinyl chlorophyll a 
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fucoxanthin-containing diatoms were the dominant species of micro-nanoplanktons throughout the year in accordance with 
microscopic observations. In fact, other fucoxanthin-containing species such as prymnesiophytes and cryptophytes were 
found predominantly in picoplankton fractions as described below. A main marker of diatoms, Chl c2, was slightly high      
(11 % to 20%) in micro-nanoplanktons when compared to picoplanktons (6 % to 14 %) and existed throughout the year, 
although both plankton fractions were reduced in summer. Peridinin, a marker of dinoflagellates, was mainly present in 
micro-nanoplanktons throughout the year, suggesting that these dinoflagellates are free-living and are mostly the size of 
micro-nanoplanktons (Fig. 8). The concentration of 19’-hexanoylfucoxanthin, a marker of prymnesiophytes, was basically 
comparable in both plankton fractions throughout the year (Fig. 9). 
In the picoplankton fractions, many more marker pigments preferentially appeared. Chl b, a marker of chrorophytes and 
prochlorophytes, existed at a relatively large abundance ratio (27 % to 40 %) throughout the year with compared to the micro-
nanoplankton fraction (7 % to 19 %). A significant amount of DV Chl a appeared solely in the picoplankton fraction from 
summer to autumn from the surface to 80-m depth, confirming the presence of prochlorophytes, consistent with the previous 
report3. However, no pigment was found in regions deeper than 100 m, although the presence of prochlorophytes in 150 m to 
200 m has been reported14 (Fig. 10). This also revealed that prochlorophyte blooms did not occur in spring but seem to be 
limited to late summer to autumn, which is different from usual phytoplankton blooms that occur in spring and autumn. 
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Prasinoxanthin and zeaxanthin, markers of prasinophytes and cyanophytes, respectively, were predominantly found in the 
size fraction of pico- rather than micro-nanoplanktons, indicating that both planktons are present mostly in planktons the size 
of picoplanktons (Figs. 11 and 12). Alloxanthin, an indicator of cryptophytes, was more abundant in picoplanktons than 
micro-nanoplankton fractions mostly in spring and autumn season at a depth of surface to 120 m by vertical analysis         
(Fig. 13). 19’-Butanoyloxyfucoxanthin, a marker of prymnesiophytes and chrysophytes, was found preferentially in 
picoplankton than micro-nanoplankton fractions in May to September (Fig. 14).  
 
0%
Feb.
May
July
Sept.
Nov.
M
on
th
Ratio
Micro-nanoplankton
20% 40% 60% 80% 100%
A.
0%
Feb.
May
July
Sept.
Nov.
M
on
th
Ratio
Picoplankton
20% 40% 60% 80% 100%
B.
Chlorophyll c2 Peridinin 19'-Butanoyloxyfucoxanthin Fucoxanthin Prasinoxanthin 19'-Hexanoyloxyfucoxanthin
Alloxanthin Zeaxanthin Chlorophyll b DV Chlorophyll a
Fig. 7. Seasonal change of marker pigment ratios in 40-m depth in 20 (a) micro-nanoplanktons; (b) picoplanktons. 
Pigment conc. (ng l-1) 
D
ep
th
 (m
) 
Feb. 
May 
July 
Sept. 
Nov. 
Pigment conc. (ng l-1) Pigment conc. (ng l-1) 
D
ep
th
 (m
) 
Pigment conc. (ng l-1) 
Feb. 
May 
July 
Sept. 
Nov. 
Fig. 8.  Seasonal and vertical changes of peridinin up to 100-
m depth in 2002. 
Fig. 9. Seasonal and vertical changes of 19’-
hexanoylfucoxanthin up to 100-m depth in 2002. 
2.0 µm 0.2 µm 
Peridinin 19'-Hexanoyloxyfucoxanthin 
2.0 µm 0.2 µm 
Pigment conc. (ng l-1) 
D
ep
th
 (m
) 
Pigment conc. (ng l-1) 
2.0 µm 0.2 µm 
Divinyl chlorophyll a 
Feb. 
May 
July 
Sept. 
Nov. 
Prasinoxanthin 
Pigment conc. (ng l-1) 
D
ep
th
 (m
) 
Pigment conc. (ng l-1) 
2.0 µm 0.2 µm 
Feb. 
May 
July 
Sept. 
Nov. 
Fig. 10. Seasonal and vertical changes of DV Chl a up to 
100-m depth in 2002. 
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100-m depth in 2002. 
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Seasonal and vertical changes of most abundant pigments in each plankton fraction, fucoxanthin for micro-nanoplanktons 
and Chl b for picoplanktons, are presented in Fig. 15. The highest level of fucoxanthin was observed at the surface in 
November, continued to 50 m, and then decreased sharply to a low level at 60 m to 70 m. In summer (July and September), 
the highest peak was found at 20 m to 30 m. On the other hand, Chl b showed a conspicuous high peak at 60-m depth in 
February and its lowest level at the same depth in November. In summer, the pigment level was less than half of that in 
February, and the pigment peak had moved to the shallow depth of 30 m. These data suggest that the assemblages of both 
sizes of planktons fluctuate between summer and winter season. 
3.5. Pigments in deep seawater 
Unexpectedly, small amounts of Chl a, Chl c2, and fucoxanthin, which are marker pigments for diatoms, were detected in 
the mesotrophic region at 600 nm (Fig. 16), suggesting that diatoms exist at this depth. To verify this, we cultured deep-sea 
water from 1 000 m and 1 500 m deep in addition to seawater from 40 m as a control. In cultures of phytoplanktons collected 
from 40 m depth, various species of diatoms including fucoxanthin as a marker pigment, were markedly increased in micro-
nanoplankton, while cyanobacteria including zeaxanthin, were increased in the picoplankton fraction. On the contrary, only 
diatoms such as S. costatum, which was isolated and tentatively identified, Melosiraceae, and Nitzschia increased in culture 
samples collected from 1 000 m, but no phytoplanktons were grown from water collected at 1 500 m, confirming that diatoms 
are not due to sedimentary wreckages, but living diatom cells exist in deep seawater at least up to a depth of 1 000 m.            
A similar result was obtained by one of our group when phytoplanktons dominated by diatoms developed after incubations of 
unaltered deep seawater samples from 100 m, 400 m, and 700 m under light conditions21.  
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Interestingly, most breakdown products of Chl a were accumulated in the spring season (February and May), as in the case 
of spring bloom (Fig. 6a). This pigment was abundant from the surface to the 300-m region; however, small concentrations 
were found in a wide range of sea depths from surface to bottom (ca. 1 500 m deep). Moreover, the ratio of pheophorbide a to 
Chl a increased fairly linearly with increasing sea depth. This implies that breakdown Chls drifted down from the surface 
region that phytoplanktons inhabit to the bottom. In addition, a breakdown product, pheophorbide a, increased with increasing 
sea depth because phytoplanktons are not able to survive in the regions without sunlight. Ratios of pheophorbide a or 
pheophytin a to Chl a are shown in Fig. 6b. Both of these ratios increased linearly with greater depth below 100 m, although 
concentrations of pheophorbide a and pheophytin a were higher in the shallow sea than the deep sea.  The increase in these 
ratios with greater sea depth is considered to be due to the decline of living species having Chl a in the deep-sea area. 
Interestingly, pyropheophorbide and pyropheophytin were not detected in this study, although enzymatic formation of Chl 
degradation products, especially, pheophorbide and pyropheophorbide in vitro, has been demonstrated15-17.  
4. Discussion 
In this study, the photosynthetic production structure and dynamics of phytoplanktons in Suruga Bay is described by the 
analysis of pigments using HPLC with a photodiode array detector. More than 50 species of Chls and carotenoids including 
most of Chl c species, DV Chl a, and Chl d were separated and identified under the conditions used in this study, although we 
were unable to identify minor degraded Chl peaks such as allomers and epimers (Fig. 2 and Table 1). This indicates that this 
HPLC method is not only quite effective for the study of classification, but also the assemblage of photosynthetic production 
structure of marine phytoplanktons. To provide more accurate information on the pigment compositions, it is necessary to 
prevent artifact formation during the extraction of pigments. The allomers and epimers of Chls are easily produced during 
extraction under oxygenated conditions18. In addition, Chls with different esters are also formed during extraction from a 
mixture of phytoplanktons. In fact, some phytoplanktons have strong chlorophyllase (EC 3.1.1.14) activity19 that catalyzes 
transesterification of an ester group of Chls to other alcohols that are contained in phytoplanktons20.  
The identification of phytoplanktons using biomarker pigments in Suruga Bay revealed a high diversity in its 
photosynthetic production structure assemblage. The presence of at least nine taxa was determined throughout this study 
including Cyanophytes, Cryptophytes, Haptophytes, Prochlorophytes, Prasinophytes, Diatoms, Dinoflagellates, 
Prymnesiophytes, and Chlorophytes. The abundance of phytoplanktons in Suruga Bay was shown to increase at blooms in 
spring and autumn and also decrease in summer, as is generally known (Fig. 3). This is explained generally by the balance 
between nutrient availability and grazing. On the other hand, Suruga Bay is a typical coast that directly receives the effects of 
environmental changes from land. In 2003, the phytoplankton population was higher in summer than blooms of spring and 
autumn. These findings might be due to heavy rain before sampling in summer and also meandering of the Japan Current, 
which resulted in an increase in seawater temperature. Since rich nutrients are brought into Suruga Bay from terrestrial 
environments by heavy rain, phytoplankton populations increased in summer. 
The existence of Phaeophyta including diatoms in oligotrophic deep-sea area is evident from both results in pigment 
analysis (Fig. 16) and culture studies. This is also supported by a culture study using unaltered deep seawater21. This means 
that diatoms exist in these deep-seawater ranges probably in the resting state and can grow when proper light conditions are 
provided. Photoacclimation, including changes of pigment composition and concentration by light intensity, has been 
demonstrated in cultures of isolated diatoms22, 23. Thus, limitation of light is one of the factors affecting the physiology of 
diatoms as has been reported by Saito and Tsuda24.   
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A small concentration of Chl d including a Chl d-like pigment was detected and identified in this study. Interestingly, 
small concentrations of this pigment can be found over a very thick layer to 300-m depth. This indicates that cyanobacteria 
containing Chl d are fairly widespread and seem to be able to sustain growth and photosynthesis in environments depleted of 
visible light, similar to the distribution and photoacclimation of Prochlorococcus species14. A free-living member of this 
group from a eutrophic hypersaline lake was recently described by analysis with a hybrid proteobacterial/cyanobacterial 
small-subunit rRNA gene25. To prove the distribution and photoacclimation in shed light of free-living cyanobacteria 
containing Chl d in Suruga Bay, identification of the species and cytometric study of this bacterium are necessary.  
The degradation products of Chl a were detected in pigment analyses of phytoplanktons collected from seawater despite 
the range of depths (Fig. 6). Pheophorbide a and pheophytin a were major pigments, but pyro-derivatives such as 
pyropheophorbide a were hardly detected. The absence of pyropheophorbide a may be due to lack of reaction from 
pheophorbide a to pyropheophorbide a in the Chl a degradation pathway, although a few species of Chlamydomonas have 
this activity under anoxygenic conditions15. It is likely that breakdown products of Chl b were not detected. This appears to be 
related to the degradation of Chl b that degrades via Chl a12.  The photosynthetic pigments from deep seawater in more detail 
are currently being surveyed to clarify their abundance and significance in deep-sea environment. 
5. Conclusion 
In the present study, the photosynthetic production structure and seasonal and vertical changes of phytoplanktons in 
Suruga Bay were investigated by pigment analysis using HPLC with a photodiode array detector. The photosynthetic 
production structure and population dynamics from surface to oligotrophic layers were evaluated. HPLC technique used here 
is not only quite effective for the study of classification, but also the assemblage of photosynthetic production structure of 
marine phytoplanktons. The existence of phaeophyta including diatoms in oligotrophic deep-sea area is evident from both 
results in pigment analysis and culture studies. 
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